H istorically, it has been clear that mitochondria play by their own rules. Beginning with the observations that mitochondria independently synthesize protein (McLean et al. 1958) and RNA (Wintersberger 1964) , followed by the discovery of DNAwithin the organelle (Nass et al. 1965; Nass 1969) , mitochondria have emerged as a highly distinct organellar system for providing ATP to the cell. The then-controversial endosymbiont theory (Sagan 1967) , proposing that mitochondria are descended from proteobacteria engulfed by eukaryotic cells, was later confirmed by the similarity of mtDNA to bacterial, rather than human nuclear, DNA. This "extranuclear" DNA is in fact essential for mitochondrial ATP production (DiMauro and Schon 2003) .
The 16,569 bp circular human mtDNA encodes two tRNAs, 22 rRNAs, and 13 polypeptides necessary for the proper assembly and function of the mitochondrial complexes of oxidative phosphorylation (OXPHOS) (Anderson et al. 1981) , which are located in the mitochondrial inner membrane. Complexes I, II, III, and IV transfer electrons, ultimately donating them to molecular oxygen, to create the chemiosmotic proton-motive gradient (Dc m ) which is used by complex V, the F 1 F 0 ATP synthase, to synthesize ATP from ADP and P i . These complexes are large, multisubunit macromolecular assemblies, in which all but a small handful of polypeptides are encoded by nuclear genes. The assembly of these complexes requires the coordination of both nuclear and mitochondrial transcription and translation, followed by complex assembly in the mitochondria and insertion into the inner membrane. The necessity of producing and assembling complexes of polypeptides derived from both chromosomal and organellar genomes means that mitochondria are susceptible to mutations in either.
Defects of both nuclear DNA and mtDNA have been shown to have devastating consequences for bioenergetics in human health. Mutations in nuclear-encoded factors such as mitochondrial DNA polymerase g (POLG) and thymidine kinase 2 (TK2) cause depletion of mtDNA and increased mtDNA mutation, frequently manifesting as neuromuscular disease (Oskoui et al. 2006; Akman et al. 2008 ). Mutations or depletion of mtDNA cause a range of neuromuscular disorders, such as the classical mitochondrial diseases Kearns-Sayre syndrome (KSS), which is caused by large-scale deletions of mtDNA (D-mtDNAs), and myoclonus epilepsy with lactic acidosis and stroke-like episodes (MELAS), which is caused by point mutations in mtDNA-encoded tRNAs (reviewed in DiMauro and Schon 2003; Greaves et al. 2012) . Although each of the mitochondrial neuromuscular disorders is individually rare, pathogenic mtDNA mutations as a whole occur at a high frequency of 1:200 individuals (Elliott et al. 2008; Greaves et al. 2012) . The study of mitochondrial neuromuscular disorders has uncovered fundamental concepts of genotype-phenotype relationships for mtDNA mutations and mitochondrial function. Typically, wild-type and mutant mtDNAs exist side by side within the same cell and tissue, a situation called heteroplasmy. The relative proportions of the two mtDNAvariants is a crucial determinant of mitochondrial function in cells carrying mutant mtDNAs: Cells can typically withstand a very high overall mtDNA mutation load (often 80%-90%, depending on the nature of the mutation), but when the mutation load exceeds the threshold of function, the cell can no longer maintain mitochondrial function (DiMauro and Schon 2003) . In addition to the classical mitochondrial diseases, mtDNA mutations and defects are emerging in a variety of prevalent human diseases in disparate tissues, such as Parkinson disease (Bender et al. 2006; Kraytsberg et al. 2006) , multiple sclerosis (Campbell et al. 2012) , heart failure (Karamanlidis et al. 2010) , diabetes (Ritov et al. 2010) , and aging (Bender et al. 2006) . The crucial role of mtDNA in cellular metabolism and bioenergetics, as well as its profound importance to human health, motivates a better understanding of the elegant complexity of mtDNA's macromolecular organization and integration into both the organellar network and cell at large. Despite the bioenergetic importance and medical relevance of mtDNA, a number of misconceptions regarding its organization have persisted. MtDNA has often been thought to exist in a "naked" or unprotected state. However, mtDNA is efficiently packaged into a macromolecular assembly that allows for dynamic genetic maintenance and integration into cellular signaling.
THE NUCLEOID: A MACROMOLECULAR ASSEMBLY FOR MITOCHONDRIAL GENETICS
Given their endosymbiotic bacterial origins, it is not surprising that the organization of mtDNA is similar to that of bacterial DNA. The bacterial genome undergoes a 10 4 -fold compaction of its volume to form the bacterial nucleoid (de Vries 2010). Similarly, the mitochondrial nucleoid typically has a diameter of 100 nm (Kukat et al. 2011) , whereas a completely relaxed 16.6 kb circular DNAwould have a length on the order of 2 mm within the mitochondrial matrix. Beginning with the original fluorescence micrographs of human mtDNA within the cell (Satoh and Kuroiwa 1991) , nucleoids have been clearly evident by microscopy as discrete punctae distributed throughout the mitochondrial network (Alam et al. 2003; Legros et al. 2004 ). This punctate appearance reveals the unique organization of mtDNA within the organellar network. The mitochondrial nucleoid is composed of a range of proteins with a diverse array of functions, from DNA packaging and transcription to factors with broader signaling functions, facilitating mtDNA's integration into crucial cell-wide metabolic and proliferative signaling networks. Nucleoid packaging provides an efficient means of ensuring that mitochondrial genetic material is distributed throughout the cell's mitochondria and is responsive to cellular metabolic needs.
The packaging of mtDNA into nucleoids is mediated by the nucleoid's protein components. As the different individual protein factors of the nucleoid have been cataloged, the macromolecular structure of the nucleoid has been suggested to consist of a core domain comprised of key mtDNA-associated proteins, and a peripheral zone, consisting of factors which are less constitutively bound, many of which have important signaling roles with the rest of the cell (Fig. 1) . The core nucleoid components center around transcription and replication factors such as transcription factor A, mitochondrial (TFAM), mitochondrial single-strand binding protein (mtSSB), POLG, and mtRNA polymerase (POLRMT), which were found in both crosslinked and native nucleoid fractions of HeLa cells (Bogenhagen et al. 2008) . TFAM is a 24-kDa protein with two high-mobility group (HMG)-box domains. HMG-family proteins are able to bend, wrap, and unwind DNA. Although it was early identified as a transcription factor for mtDNA (Fisher and Clayton 1985) , it has become clear that TFAM plays an equally important role as a packaging protein for mtDNA (Alam et al. 2003) . TFAM packages DNA in vitro (Kaufman et al. 2007 ) and colocalizes with mtDNA in nucleoids by immunomicroscopy (Iborra et al. 2004; Legros et al. 2004) . Crystallographic studies have shown that TFAM induces U-turn bends in DNA (Ngo et al. 2011; Rubio-Cosials et al. 2011) . Nucleoids tightly package mtDNA, to the extent that freely diffusible matrix protein is excluded from the nucleoid (Brown et al. 2011) . Collectively, these studies show that TFAM is a crucial packaging factor for mtDNA, in addition to its role as a key transcription factor for mtDNA. Although TFAM is crucial to mtDNA maintenance, overexpression of TFAM can actually result in excessive binding of mtDNA, effectively choking off transcription of mtDNA (Maniura-Weber et al. 2004 ). Thus, although TFAM appears to be the major mtDNA packaging protein, the other core constituents of the nucleoid appear to function primarily in replication, transcription, and translation. POLG, POLG2, mtSSB, and the DNA helicase Twinkle (all nucleoid core factors), are the minimal factors necessary for mitochondrial replication (reviewed in Pohjoismaki and Goffart 2011), whereas POLRMT and mtTFB are the minimal factors necessary for mitochondrial transcription. Intriguingly, Shadel and coworkers have found that TFAM is in fact dispensable for transcription in vitro (Shutt et al. 2011) , further indicating that TFAM's primary importance is in mtDNA packaging. The Lon protease has been found to be an integral nucleoid core factor (Lu et al. 2007; Bogenhagen et al. 2008) . Similarly, the POLGb subunit has been shown to play a role in the organization of the nucleoid (Di Re et al. 2009 ), as has the newly discovered CSB factor (associated with Cockayne syndrome) (Berquist et al. 2012) . The nucleoid's core factors thus both package mtDNA to bring together the factors necessary for replication and transcription.
Although a great deal of research has explored the protein composition of the nucleoid, its DNA content has been a crucial question of nucleoid biology. The number of mtDNAs contained within a single nucleoid is a fundamental question of this genetic unit. The studies surrounding this issue have recently come full circle, suggesting that nucleoids carry either one or two mtDNA molecules in a single nucleoid. The early studies of Satoh and Kuroiwa (1991) quantitated the fluorescence of individual nucleoids by ethidium bromide and calculating the quantity of mtDNA contained within it, calibrated against the fluorescence of known quantities of phage DNA. Using this direct, elegant method, they found that a single mitochondrion, on average, carried 4.6 mtDNAs. Further, each mitochondrion carried an average of 3.2 nucleoids, with most mitochondria carrying a single nucleoid. Thus, an individual nucleoid contains 1.4 mtDNAs per nucleoid, suggesting that nucleoids contain either one or two mtDNAs. Subsesquent studies have taken approaches in which the number of nucleoid foci within a cell was counted, followed by quantitation of mtDNA copy number per cell, then obtaining an average value of mtDNAs per nucleoid. Using these estimates, a number of researchers found that rapidly dividing cells, such as HeLa and osteosarcoma cell lines, maintain 2-10 mtDNAs per nucleoid (Iborra et al. 2004; Legros et al. 2004; Gilkerson et al. 2008 ). More recently, however, investigators have used next-generation imaging methods (Kukat et al. 2011) , allowing higherresolution imaging of the mitochondrial nucleoid in situ. Strikingly, these studies reveal that nucleoids are smaller than previously thought (and often aggregate). These small nucleoids contain an average of 1.4 mtDNAs per nucleoid (Kukat et al. 2011) . Intriguingly, this value is identical to that first found by Satoh and Kuroiwa (above), suggesting that this issue has come "full circle" and that a single nucleoid likely consists of only one or two mtDNA molecules.
Integration and Dynamics within the Organellar Network
The highly dynamic, responsive nature of mitochondria as an organellar network has been a revolutionary new frontier in mitochondrial biology. The dynamics of the mitochondrial network involve a complex set of interactions that modulate mitochondrial morphology and shape the organellar network (Nunnari and Suomalainen 2012) . Although mitochondria have traditionally been regarded as a population of individual football-shaped organelles, it is clear that mitochondria actually balance between fragmented and networked states of organization in response to both fusion and fission events. Mitochondrial fusion is mediated by mitofusins 1 and 2 (MFN1 and MFN2) and OPA1, whereas fission events are mediated by FIS1, DRP1, and MFF (Twig et al. 2008; Otera et al. 2010 ). These two pathways allow for modulation of mitochondrial organization in response to a variety of cellular cues. Mitochondrial morphology is linked to function, as a loss of mitochondrial bioenergetic capacity results in an inability to maintain the fused, networked mitochondrial organization (Santra et al. 2004 ); this loss of interconnectivity is likely owing to the collapse of the mitochondrial transmembrane potential across the inner membrane (Legros et al. 2004 ). Thus, mitochondrial morphology can provide a visual indication of the relative "health" of a cell's mitochondria, as cells with genetic or pharmacologic mitochondrial dysfunction showan inability to maintain a united mitochondrial network (Legros et al. 2004; Gilkerson et al. 2008 ). Defects in mitochondrial organization and trafficking are appearing as a common manifestation of mitochondrial dysfunction in diseases such as Parkinson's disease and Huntington's disease (Schon and Przedborski 2011) .
The molecular interactions that integrate the nucleoid into this dynamic organellar network are beginning to emerge. Within the organelle, the nucleoid is located within the protein-dense matrix compartment. The factors associated with the nucleoid's peripheral zone, such as the ATPase AAA domain-containing protein 3 (ATAD3) and prohibitins 1 and 2 (PHB1 and PHB2), do not appear to directly bind mtDNA, but provide molecular scaffolding, help facilitate mitochondrial translation, and interact with important cell-wide signaling pathways. The mitochondrial M19 protein (mitochondrial nucleoid factor 1 [MNF1]) has been identified as a nucleoid-associated protein, and appears to reside in the peripheral zone of the nucleoid (Sumitani et al. 2009 ). M19 appears to play a role in modulating mitochondrial ATP production, providing a crucial link between mtDNA and mitochondrial bioenergetic function (Cambier et al. 2012 ). Prohibitin appears to play an important role in stabilizing TFAM at the mitochondrial nucleoid (Kasashima et al. 2008) , and is strongly implicated in mitochondrial protein synthesis (He et al. 2012) . Prohibitin forms oligomeric rings in the inner mitochondrial membrane that are necessary for the maintenance of mitochondrial morphology (Merkwirth and Langer 2009). Researchers have long postulated that mitochondrial DNA may be "tethered" to the inner membrane (Albring et al. 1977; Van Tuyle and McPherson 1979) ; however, the actual tethering interactions have remained elusive. More recently, the ATAD3 protein has been shown to associate with both the mitochondrial nucleoid and the inner membrane ( He et al. 2007; Bogenhagen et al. 2008) . He et al. (2012) propose that ATAD3 may actually provide a scaffold to which mitochondrial nucleoids and ribosomes may bind to within the matrix (He et al. 2012) , tethering both within close proximity to each other at the inner membrane. ATAD3 may play a unique central role in nucleoid organization, as it associates with both the inner membrane and the mitochondrial ribosome, and also binds to D-loop sequences of mtDNA (He et al. 2007 (He et al. , 2012 Bogenhagen et al. 2008 ). ATAD3 and prohibitin are both required for mitochondrial protein synthesis, and appear to bring the mitochondrial nucleoid and translational machinery into close physical proximity (He et al. 2012) , allowing for an efficient coordination of mtDNA-encoded mitochondrial protein synthesis and physical attachment to the mitochondrial inner membrane (Fig. 1) . Accordingly, nucleoids do not appear to freely diffuse within the matrix compartment of the mitochondrion. Although it has been shown that fusions of wild-type cells with cells lacking mtDNA (r 0 cells) result in repopulation of the mtDNA-depleted cells, nucleoids were found to migrate more slowly than GFP targeted to the mitochondrial outer membrane (Legros et al. 2004 ). This finding indicates that nucleoid movement is limited by their attachment to the mitochondrial inner membrane, rather than freely diffusing through the matrix compartment. Iborra et al. (2004) found that nucleoids move in a "constrained walk," consistent with more recent findings via superresolution fluorescence microscopy (Brown et al. 2011 ).
An immediately striking feature of nucleoid organization in fluorescence microscopy is the regularity at which nucleoids appear along mitochondrial filaments, in which mtDNA is distributed evenly throughout the cell by appearing at discrete intervals throughout mitochondria (Iborra et al. 2004; Legros et al. 2004 ). More striking yet was the observation that, when in a fragmented morphology, all mitochondria within a cell will contain at least one nucleoid (Margineantu et al. 2002 )! These observations strongly suggest that mitochondrial nucleoid maintenance is a regulated process, coordinated with the mitochondrial fission and fusion machinery to ensure the efficient distribution of mtDNA throughout the cell, while simultaneously protecting the nucleoid from fission events at the nucleoid itself. Genetic inhibition of mitochondrial fission, via RNAi of DRP1, results in loss of nucleoid content and mtDNA copy number (Parone et al. 2008) , whereas disruption of mitochondrial fusion through knockout of MFN1 and MFN2 similarly results in loss of mtDNA copy number (Chen et al. 2011) . Live cell imaging of nucleoids revealed that mitochondrial division typically occurs just to the side of nucleoids (Iborra et al. 2004) . Thus, it appears very likely that nucleoid factors are intricately connected to the fission and fusion machinery to ensure nucleoid propagation.
Conversations beyond the Organelle: MtDNA and Cellular Signaling
As the organizing unit of mtDNA, the nucleoid is likely to play a crucial role in coordinating organellar response to cellular signaling cues. As mitochondria are increasingly found to participate in crucial cellular signaling networks, a number of nucleoid-associated factors are found to have signaling functions that may determine mitochondrial response to nuclearencoded signaling factors, particularly those involving metabolism and apoptosis. In addition, there is growing evidence that retrograde mitochondria-to-nucleus cross talk may be mediated by mtDNA and nucleoid-associated factors. Collectively, the nucleoid integrates mtDNA into cell-wide signaling networks, playing a direct role in mitochondrial participation in cellular signaling.
The regulation of mitochondrial content by metabolic signaling pathways has revealed a vital mechanism of nuclear-mitochondrial cross talk. Transcription of the nuclear-encoded mitochondrial OXPHOS complex subunits is controlled by the nuclear respiratory factors 1 and 2 (NRF-1 [Evans and Scarpulla 1990] and NRF-2 [Virbasius et al. 1993] ). These NRFs are modulated by the peroxisome proliferation grelated coactivator (PGC)-1a master regulator (Puigserver et al. 1998 ) and its related factor, PRC (Scarpulla 2008) . Increased PGC-1a signaling leads to elevated levels of nuclear-encoded, mitochondrially localized proteins and thus increased mitochondrial content within the cell. Interestingly, a number of nucleoid-associated factors play direct roles in the modulation of mtDNA copy number, providing direct biogenesis signaling from within the nucleoid. TFAM plays a key role in modulating mtDNA copy number, and has in fact been shown to accurately reflect the overall level of mtDNA within the cell (Ekstrand et al. 2004; Kanki et al. 2004) . TFAM, Lon, mtSSB, and NRF-1 and -2 have all been found to be coordinately up-regulated in response to myogenic differentiation (Wagatsuma et al. 2011) . Importantly, however, it must be noted that this is a delicate coordination, as overexpression of TFAM can actually inhibit transcription of mtDNA (Matsushima et al. 2010a ) and cause mitochondrial dysfunction (Ylikallio et al. 2010) , though overexpression of TFAM has been shown to ameliorate mitochondrial dysfunction in neuronal and cardiac settings (Ikeuchi et al. 2005; Hokari et al. 2010) . It was shown previously that cells will accurately regulate mtDNA content on the basis of mass of mtDNA, rather than number of copies per se (Tang et al. 2000) ; this seems consistent with a role for TFAM as the principal means by which the cell regulates mtDNA content. Interestingly, Lon-mediated proteolytic degradation of TFAM is emerging as a major mechanism of mtDNA copy control, in which TFAM levels are regulated by the Lon protease to modulate the overall copy number of mtDNA within the cell (Matsushima et al. 2010b; Ambro et al. 2012; Matsushima and Kaguni 2012) . The Lon protease has been identified as a core nucleoid component (Bogenhagen et al. 2008) with the ability to bind mtDNA (Liu et al. 2004 ). The dynamics of TFAM's association with mtDNA are still being elucidated, but it is clear that TFAM plays a very elegant role in maintaining mtDNA in nucleoids. Thus, the presence of known metabolic signaling molecules at the nucleoid allows for the efficient, precise modulation of mtDNA content, transcription, translation (via the nearby mitochondrial ribosomes), and thus mitochondrial function, in response to cellular signaling cues.
Nucleoid "Give-and-Take" in Cellular Signaling
Although it is clear that nuclear signaling networks, particularly those involving mitochondrial biogenesis via PGC-1a and related factors, can impact mitochondrial content function, there is also an accumulation of evidence suggesting that mitochondria can communicate with the rest of the cell via retrograde signaling to the nucleus. Experiments in Drosophila melanogaster have shown that genetically induced ablation of mitochondrial genes leads to cellcycle arrest via either reactive oxygen species (ROS)-induced JNK signaling, or activation of AMP kinase via low ATP levels (Owusu-Ansah et al. 2008) . Studies in mammalian systems indicate that either genetically or pharmacologically induced mitochondrial dysfunction results in altered expression of nuclear-encoded signaling factors (Gilkerson et al. 2012) . Accordingly, although the loss of mitochondrial function in mtDNA-depleted cells is certainly detrimental to cellular homeostasis, the resultant down-regulation of nuclear transcription of prosurvival signaling molecules, even those not associated with mitochondrial bioenergetics per se, is potentially an even more devastating mechanism of cellular dysfunction. This suggests that nucleoid-associated factors may alter their localization to participate in crucial metabolic signaling networks, consistent with findings from yeast, in which the mitochondrial nucleoid undergoes remodeling in response to metabolic stress (Kucej et al. 2008) . Thus, there are likely a range of nucleoid factors that undergo dynamic changes in localization based on cellular signaling cues. Taken as a whole, these interactions reveal the dynamic interplay and integral involvement of the nucleoid in metabolic and apoptotic signaling. Although a range of important signaling functions have been assigned to nucleoid-associated factors, the dynamics of the interactions mediating the nucleoid's role in crucial signaling networks is only beginning to be understood. mtDNA and the nucleoid may thus be at the front line of environmental interactions.
